Poly(vinyl-pyrrolidone) (PVP) stabilized silver nanoparticles with an average particle size ranging from 4.3 to 4.9 nm were synthesized by laser ablation in preformed colloids in methanol, acetone, ethylene glycol, and glycerin. Aqueous colloids obtained using PVP, poly(vinyl-alcohol) (PVA), and sodium citrate as stabilizing agents also lead to a good control over particle size distribution. Silver ions were reduced with sodium borohydride. The smaller average particle size and narrower dispersivity in comparison to previously reported data were ascribed to the relatively small size of the particles formed in the chemical reduction step, laser fluence, and the use of PVP, which was not previously used as the stabilizing agent in "top-down" routes. The surface plasmon resonance band maximum wavelength shifted from 398 nm in methanol to 425 nm in glycerin. This shift must be due to solvent effects since all other variables were the same.
Introduction
Silver nanoparticles (Ag NPs) have been extensively studied due to their many potential applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . While a narrow particle size distribution (PSD) is not required when exploring their action as antimicrobial agents [8] or in solar control glazing [9] , it is very important when considering their optical [10] and electronic properties [2, 3] .
In order to investigate the effect of the surrounding medium on the optical properties of metallic colloids, it is essential to develop methodologies to prepare colloids in which NPs with nearly the same size can be obtained in different liquids and stabilizing agents.
The choice of the metal precursor, the liquid phase, and the reducing and protective agents as well as the experimental parameters, such as metal-to-reducing (and metalto-stabilizing) agent stoichiometric ratios, order of reagent addition, and temperature, influence the size and shape of the resulting nanoparticles [11] [12] [13] [14] [15] [16] [17] [18] [19] . Small changes in the experimental parameters can lead to dramatic variations in the resulting samples [11, 17] .
Bottom-up approaches have proven to be more effective if one is interested in silver colloids with a narrow PSD. Good results were obtained by chemical reduction at room temperature [11] or while heating [12] [13] [14] [15] , photoreduction [16] , and microwave [17, 18] or gamma irradiation [19, 20] . However, if the liquid phase is changed while all other variables are fixed, then different average particle sizes will result, changing the size-dependent properties of the colloid [17] . Also, nanoparticles with the same size that are prepared from different reagents and synthesized with different methodologies in different liquids will not be directly comparable in optical experiments.
Samples resulting from laser ablation, a typical top-down route, can be produced in arbitrary solutions, and in this method, several experimental variables are strictly related to the laser operating conditions, such as the photon energy of the laser light and the pulse number [21] [22] [23] [24] [25] . Ag colloids in acetone, water, and ethanol with 5, 13, and 22 nm average particle sizes, respectively, were prepared by laser ablation by Tilaki et al. without using stabilizing agents, and the resulting samples presented a broad PSD [21] . Our research group has been investigating the optical properties of Ag NPs in both liquid and solid media [26] [27] [28] . In order to investigate the effect of the surrounding medium on the nonlinear optical properties of silver colloids, a new route to synthesize silver nanoparticles of the same size in different liquid media and with different stabilizing agents in the same liquid was developed and is described in this paper.
Methodology
Silver colloids were prepared in methanol, acetone, ethyleneglycol, glycerin, and deionized water using poly(vinyl pyrrolidone) (PVP, from Aldrich) as the stabilizing agent. In water, poly(vinyl-alcohol) (PVA) and sodium citrate (Aldrich) were also employed. A 4.71× 10 −2 mol · L −1 silver nitrate (Vetec) methanolic solution was used as the source of silver ions in all experiments.
In a typical procedure, PVP (0.25 g, 40,000 g · mol −1 ) and sodium borohydride (2.91 × 10 −4 mol) were dissolved in 250 mL of the liquid phase. The silver solution (1.4 mL) was subsequently added with strong stirring, and the sample heated up to the boiling point at reflux, which was kept for 1 hour. The same procedure applies to samples prepared using sodium citrate and PVA as stabilizing agents.
A 1-mL aliquot of each sample was transferred to a cuvette and irradiated while stirring with a pulsed (8 ns) Nd:YAG laser at 532 nm (2nd harmonic) with a 10 Hz repetition rate. Laser power and fluence were 85 mJ/pulse and 221 mJ · cm −2 , respectively. The samples were irradiated for 30 minutes, leading to the formation of transparent yellow colloidal suspensions. The colloids prepared with PVA were stable for 8 days; when PVP and sodium citrate were used, the samples were stable for over than 5 months.
The synthetic route described above was developed on the basis of the reports by Kamat [29] , Bell [30] , andŠmejkal Journal of Nanomaterials [31]. However, the use of PVP as a stabilizing agent in laser-ablated silver colloids was not reported earlier, and silver solution addition to a liquid that already contains the reducing agent is not the usual procedure.
The samples were characterized by transmission electron microscopy with a JEOL 80 kV instrument. One drop of a diluted silver colloidal suspension was deposited on a carbon-copper grid and allowed to dry at room temperature. The mean particle sizes, standard deviations, and histograms were calculated by counting 400-1000 particles for each sample. UV-visible absorption spectra were acquired in the 190-900 nm range, in transmission mode.
Results and Discussion
The preparation of silver colloids by laser ablation can be achieved directly from silver targets [21] [22] [23] [24] 32] or preformed colloids [25, 29, 30] . The latter approach was carried out in this study.
Transmission electron microscopy (TEM) images from silver nanoparticles resulting from the chemical reduction step in methanol/PVP and water/sodium citrate and their respective particle size distribution histograms are presented in Figure 1 . PVP-stabilized samples present smaller and mainly spherical nanoparticles, as presented in Figure 1(a) . Elliptical particles and rods with a large aspect ratio also appear. The histogram was plotted measuring the largest axis for the nonsymmetrical particles, which gave a 16.4 ± 9.3 nm average particle size.
A much broader PSD (34 ± 27.4 nm) was observed when sodium citrate was used as the capping agent. While many small spherical nanoparticles appeared (Figure 2(c) ), bigger particles with sharp edges and rods were also found (Figure 2(b) ). When the samples formed by chemical reduction were submitted to laser ablation, smaller spherical NPs with a narrower PSD resulted. The results are summarized in Table 1 . Figure 2 shows TEM images and histograms from samples prepared in methanol, water, and acetone using PVP as the stabilizing agent and from citrate-protected nanoparticles in water.
When PVP-protected NPs in organic solvents are considered, the average particle size is within the 4.3 to 4.9 nm range irrespective of the liquid medium, as presented in the first column of Table 1 . A very high degree of particle size control was achieved as compared to other reported silver colloids dealing with silver nanoparticle preparation in different carrier media [17, 21, 23, 32] .
The sample prepared in water/PVP presented bigger particles with a broader dispersion and showed a bimodal PSD with particles in the 10-18 nm range (Figure 2(b) ). The other samples synthesized in water also presented bigger NPs than the samples synthesized in organic media. If the samples are compared before and after laser irradiation (see Figures  1(a) and 2(a) for methanol and Figures 1(b) and 2(d) for water), one can see that the particles that were formed in methanol already present an average diameter smaller than 20 nm after chemical reduction. Hence, good control on the chemical reduction step contributes to obtaining better control after laser ablation. A better control over particle size in samples prepared using citrate can be achieved with more dilute samples [33] . However, for the purpose of this work, it was important to maintain the Ag + concentration and to get samples with nearly the same particle size starting from the same initial experimental conditions in all liquids.
Tilaki et al. reported that the particle size of silver NPs formed by laser ablation was dependent on the liquid medium for water, acetone, and ethanol. In their work, however, laser ablation was performed directly on silver foils, and no stabilizing agent was used [21] . Ganeev et al. prepared Ag-NPs ranging from 5 to 10 nm in ethylene glycol, water, and ethanol, but they did not provide detailed information about particle morphology [32] .
Samples prepared directly from macroscopic silver targets using surfactants (sodium dodecyl sulfate and cethyltrimethylammonium bromide) or citric acid as protective agents lead to samples with bigger particles and with a broader particle size distribution [17, 22, 34] .
A mechanism for particle size reduction based on melting and vaporization of the pristine nanoparticles as a result of the strong absorption of the laser energy by the particles and low heat transfer for the surrounding medium was proposed by Takami et al. for gold nanoparticles in water/citric acid [35] . More recently, Pyatenko et al. stated that the same mechanism also applies to silver nanoparticles and that there is minimum laser fluence needed for particle heating, melting, and vaporization by one laser pulse, which is a function of the particle diameter. Silver NPs with a size of 8.1±1.7 nm were obtained in a water/citric acid system when laser fluences J > 0.18 J·cm −2 were used [36] .
The colloids described in this report were prepared with a 0.221 J·cm −2 fluence, which is above this threshold. Hence, the mechanism of NPs formation in this case must be the same as the one described by the authors cited above.
Although PVP is widely used as a stabilizing agent when silver nanoparticles are synthesized by chemical methods, it has not been explored in laser-ablated colloids; the most commonly used stabilizers are sodium citrate and surfactant molecules. According to Qiao et al., Ag NPs smaller than 50 nm, which is the case in our study, are stabilized by the coordination of the nitrogen atoms in PVP to the metallic surface [37] . Also, PVP forms coordinative complexes with silver ions, which are more easily reduced than silver ions in aqueous solution [38] . An X-ray photoelectron spectroscopy carried out by Huang et al., however, claims that the polymer interacts with silver particles through the oxygen atom in the >C=O group [39] .
Hence, we ascribe the smaller average particle size and the particle size distribution of our samples prepared in organic solvents, in comparison to other reports in the literature, to three factors: the relatively small size of particles obtained in the chemical reduction step, laser fluence, and the role of PVP, as described above. Although the samples synthesized in aqueous medium did not present the same uniformity as in samples synthesized in organic solvents, the results are still very good when compared to preceding reports.
The absorption spectra of the PVP-capped silver colloids are presented in Figure 3 . The surface plasmon resonance (SPR) band maximum absorption changed for the following liquid carriers: methanol and water, 398 nm; acetone, 408 nm; ethylene glycol, 411 nm; and glycerin, 426 nm. The higher the liquid dipole moment, the more the SPR band is red shifted. This result can be understood using Mie theory. The introduction of a correction to the dielectric function of the NPs that takes into account contributions from the NPs' surface and liquid media was reported elsewhere [40] .
The bandwidth narrowing observed when the chemically-reduced samples are laser irradiated is presented in Figure 4 for water-based colloids, where PVP and sodium citrate were used as stabilizers. Typically, the spectra do not present detectable changes after being irradiated for 15 minutes, but all syntheses were carried out for 30 minutes. This allowed us to determine the completeness of the process.
Conclusion
Silver colloids with nearly the same average particle size (4.3-4.9 nm) and small dispersivity were synthesized in four organic solvents (methanol, ethylene glycol, glycerin, and acetone) using PVP as the stabilizing agent by combining chemical reduction and laser ablation. Samples prepared in water using PVP, PVA, and citrate ions as stabilizing agents also lead to good results. PVP stabilized NP's in methanol presented the narrower PSD and since the average particle size are very similar, dislocations in the maximum peak position for the SPR band is affected by the different carrier liquids.
